The characteristics of hybrids made of a defective nanodiamond and a biomolecule unit are investigated in this work. Focus is given on the interaction between the nanodiamond and a DNA nucleobase. The latter is placed close to the former in two different arrangements, realizing different bonding types. The nanodiamond includes a negatively charged nitrogen-vacancy center and is hydrogen terminated. Using quantum-mechanical calculations, we could elucidate the structural and electronic properties of such hybrids. Our study clearly identifies the importance of the relative orientation of the two components, the nanodiamond and the nucleobase, in the complex in controlling the electronic properties of the resulting hybrid. The position of the defect at the center or closer to its interface with the nucleobase further controls the electronic orbitals around the defect center, hence its optical activity. In the end, we discuss the relevance of our work in biosensing.
Introduction
Carbon-based nanostructures have a high potential for novel applications ranging over energy storage devices [1, 2] , solar cells [3] , photonics [4] , nanoelectronics [5] , as field emission devices [6] , active components in devices [7] or biosensors [8] . The wide variability in applications is based on the outstanding physical and chemical properties arising from the different bonding possibilities carbon atoms can offer. These range over a sp 1 , to sp 2 , and sp 3 hybridization or mixtures of these. Among the variety of carbon allotropes, diamond is the structure with a very high hardness, very good thermal conduction properties, and very high electron carrier mobility and breakdown fields [9] . Diamond materials exhibit exceptional electrochemical, tribological (low friction), and optical (wide band gap and high refractive index) properties [10] . Based on these, additional applications may occur ranging over surface acoustic wave devices [11] , nano-scale single-molecule spectrometer [12] , biosensors [13, 14] , single photon sources [15] [16] [17] , as critical components in quantum coherent devices [18] , RF power transistors [19] or field emission flat panel displays [20, 21] .
Complementary to these possibilities, the modification of carbon-based nanostructures, such as doping and functionalization offers additional potential by expanding and tuning their properties. Defective diamond-based materials with the negatively charged nitrogen-vacancy center (NV ) are strongly investigated due to the optical stability of this center [22] . Specifically, the NV center emits stable, non-bleaching fluorescence, and could be used in biolabeling as a light source [23] . The spin of the NV center can be utilized as a sensor for magnetic fields based on the change of the fluorescence intensity of the defect center with respect to small magnetic fields [24] . The NV center can also be used as a single molecule magnetic resonance spectrometer [12] . Compared to other fluorescence emitters such as quantum dots, nanodiamonds with the NV center, can operate at room temperature, have an advantage due to their stability and nontoxicity [25] . Accordingly, these are prominent candidates for quantum information [26] and biosensing [14] . This defect could also be taken as a biological receptor in a sensor detecting biomolecules, such as DNA and RNA. The recognition between the receptor and the target is translated most often into an optical or electronic signal [27] . The use of nanodiamonds (NDs), that is tiny, almost spherical diamond particles with surface termination, further increases the technological relevance of these kind of materials. The additional functionalities arise from the termination and the variability of their very small size. Due to the high biocompatibility and inertness of nanodiamonds [28] [29] [30] , these can be used in biotechnological applications [31, 32] as contrast agents [33] , in medical devices [34, 35] , drug delivery [36] , etc.
In view of the biotechnological relevance of nanodiamonds, the surface termination enables hybridization binding process with molecules [37, 38] . In the case of hydrogen termination, a long-range disruption of a surrounding water hydrogen bond network was evidenced, which could not be observed for other surface terminations [39] . In biotechnological applications, the specific interaction of the material nanodiamond with biomolecules is of high importance. These biomolecules may range from non-labeled DNA [40] and proteins [41] to human stem cells [42] . Furthermore, biomolecules can join with materials to make hybrids and are increasingly attracting attention for the novel applications these can realize [43] . These hybrids combine materials properties with the flexibility and selectivity of the biomolecules and can have a huge technological impact. Along these lines, we focus on complexes made of very small defective nanodiamonds and the natural DNA nucleobases, which carry the genetic information. Here, we focus on the interaction of nanodiamonds with DNA units, the nucleobases and organize this paper as follows: the methodology is first outlined together with the systems studied in this work, the results are discussed next, and in the end we present a summary of our work.
Methodology
In this work, density functional theory (DFT) [44, 45] based calculations as implemented in the code SIESTA [46] were carried out. The computational parameters were optimized for achieving consistent simulation results. In order to model a negatively charged NV center, a total net charge of −1e was set in our simulations. We have used the van der Waals exchange-correlation functional of Lee et al (VDW-LMKLL) to model dispersion interactions [47] . This functional has been proven to be more accurate than the semi-local PBE approach by Perdew-Burke-Ernzerhof [48] in our benchmarks. Non-relativistic norm-conserving Troullier-Martins pseudopotentials [49] were also used. For expanding the Kohn-Sham states, we have considered a split valence double-ζ with polarization basis-set (DZP) with an energy shift of 0.02 Ry. Our benchmark studies revealed that the use of a more accurate triple-ζ with polarization basis-set (TZP) only increases the computation time without changing quantitatively the results. Also, at this level of our proof of principles study, the use of atomic-like orbitals instead of plane waves is sufficient. We have checked that the results for both cases are qualitatively very similar around the band gap region and the frontier orbitals are very much localized, justifying the use of atomic-like orbitals. Further studies on a more accurate resolution of the electronic structure of hybrids as the ones discussed here will resort to a plane wave basis set. Accordingly, based on the comparison we have made on the basis sets and the qualitative picture on the intra-hybrid binding we aim to provide, we choose the computationally less demanding DZP basis set.
The cut-off radii were determined at 4.709 Å, 4.870 Å, 4.389 Åand 3.937 Åfor the neutral H-, C-, N-and O-atom potentials, respectively. A real space sampling grid (mesh cutoff) of 400 Ry with an additional grid-cell sampling was utilized to reduce the eggbox effect. Initially all structures have been geometrically relaxed. At a next step and for the energy calculations, single-point calculations have been carried out. For these, the counterpoise correction introduced by Boys and Bernardi [50] was taken into account in order to minimize the basis set superposition error due to the use of atomic-like orbitals in our simulations. In this approach, the corrected interaction energy E int CP D is given as
where E AB is the total energy of the complex of monomers A and B, and E A ghost (E B ghost ) is the energy of monomer A(B) calculated taking into account the ghost orbitals of monomer B(A). The energy E AB is the total energy as calculated with DFT for the complex of the two monomers, a nanodiamond and a nucleobase. The energy E A ghost (E B ghost ) is again the total DFT energy but for only one of the monomers, nanodiamond or nucleobase. In this calculation, the atoms of the other, nucleobase or nanodiamond are not included in the calculations, but their orbitals (named 'ghost') are. Each configuration of the complexes (AB) corresponding to the equilibrium of the interaction energy curves was taken to perform the structural relaxation until the net forces of each atomic component became smaller than 0.04 eV Å −1 . Spin polarization with a total spin set to 1 is assumed for all calculations.
Nanodiamond-nucleobase hybrid complexes
The hybrid complexes studied in this work are made of a nanodiamond (nD) and a DNA unit. The nanodiamond is defective and includes the very well known optical negatively charged NV center. The nanodiamond is spherical, has a diameter of 1.82 nm and is terminated with hydrogen atoms. Accordingly, 511 carbon atoms, 251 hydrogen atoms, and 1 nitrogen atom make up the nD. The positions of the nitrogen atom and the vacancy define the NV axis. Note, that we choose this nanodiamond as a simple toy model. It is known that hydrogen-terminated diamonds [51] [52] [53] [54] show a quenching of the NV emission and care should be taken in choosing a good functionalization [55] . At this point, though, the photostability of the defect is not of relevance. Our aim is to provide ideas on the design of material-molecule complexes and not discuss at this level the nanotechnological relevance. The goal, is only to unravel binding characteristics by taking the hydrogenated nanodiamond as a generic material structure. Here, we study nD with an NV center at two different positions, namely at the center and close to the surface of the nD denoted. We define the respective positions as 'x 0 ' and 'x 1 ', respectively. As representative DNA units, we have considered all four nucleobases, adenine (A), thymine (T), cytosine (C), and guanine (G). Each of these are placed close to the nD in order to interact significantly forming complexes. In this sense, each complex is made of a nucleobase and a nD. The different relaxed monomers forming the complexes, together with the NV axis and the atom notation are depicted in figure 1 .
In order to assess the variability of this type of complexes, two types of representative interactions are considered by taking different relative arrangements of the nucleobases with respect to the nD. These we name as (a) hydrogenbonding interactions, for which the nucleobase is placed with its plane parallel to the NV axis and (b) CH/π interactions, for which the nucleobase plane is perpendicular to the NV axis. We refer to the different complexes with the notation 'nD-n', where 'n' denotes the type of nucleobase. The intracomplex distance is denoted by the distance between one hydrogen termination from the nD and the nitrogen atom from the nucleobase labeled with N1 and N2 (see figure 1 ) in the hydrogen-bonding and CH/π configurations, respectively. In order to calculate the interaction energy curves, the distance is varied from 2 to 4.5 Å. Apart from binding characteristics, the electronic properties of the complexes are also calculated including the electronic states around the Fermi level, frontier orbitals (highest occupied and lowest unoccupied molecular orbitals, HOMO and LUMO, respectively), and charge densities.
Results and discussion

Binding characteristics
We begin the discussion with the interaction energies evaluated for each complex at different inter-monomer separations. These energies are calculated for all complexes in the two different binding arrangements and for the NV at the center (position x 0 ) of the nD. The different nD-nucleobase complexes reveal distinct binding strengths. In order to elucidate these differences, we begin with the binding or interaction energy of these complexes as given through equation (1) . The results for the hydrogen bonding as well as the CH/π-interacting nD-A complexes are shown in figure 2. It can be clearly seen that there are important deviations among the curves, while the distance corresponding to the minimum energy also shifts for the different energies. Based on this analysis, we will further discuss counterpoise-corrected energies. Evidently, these also reproduce the form of a real potential. In this sense, the corrected energies approach zero as the distance becomes larger and the monomers no longer interact. Note also that the CH/π-interacting complex seems more stable as it has a deeper minimum, while for the hydrogen bonded complexes, the minima are shallower.
According to these features of the corrected binding energy, we summarize all the results for all hybrid complexes in figure 3. For the hydrogen bonded configurations (upper panel in this figure), all complexes show an energy minimum within 2.4-2.6 Å except for the nD-T complex. For this latter complex, the energy minimum is shifted towards higher distances. Presumably this arises from the observation that thymine is the smallest nucleobase and can better reorient and adjust to an optimum interaction with the nD. For the CH/π arrangements, all the nD-nucleobase complexes have their more stable interaction at ∼2.7 Å. A comparison of both arrangements reveals that the CH/π arrangement has a stronger interaction at larger bond distances for all complexes. This is controlled by the fact, that for these interactions the p-orbitals, which promote a larger bond distance are strongly involved. In the hydrogen bonding cases, it is more the s-orbitals of the H atoms and the p-orbitals of the O atoms, which are involved. In this respect, the directionality of the orbitals during bonding is not as strong as in the CH/π cases.
In order to unveil the structural properties of the nDnucleobase complexes, we have geometrically optimized the complexes at the distances corresponding to the minima in Figure 1 . The relaxed structures of the isolated nD, A, C, G, and T. The hydrogen, carbon, nitrogen, oxygen atoms are colored white, cyan, blue, and red, respectively. The vacancy is denoted with the orange point. This coloring scheme will be used throughout. The NV axis is depicted through the red arrow.
figure 3. During these optimizations, the initial structural details have changed in order to adjust to the bonding environment. The bond distances, as well as the corrected energies before and after these relaxations are summarized in table 1. The bond distances shown refer to the atoms related to this binding. The respective labels refer to the definitions in figure 4 . It can be clearly seen, that almost all distances decrease after relaxation. The bond angles involving the N1 atoms also decrease, while an increase occurrs in the bond angles involving the O atoms of the nucleobase. This fact is probably based on the higher electronegativity of oxygen compared to nitrogen, which moves the former further away from the C atom on the other end of the bond. A comparison of the single-point minimum energies in figure 3 to those after relaxation reveals different trends, as these energies either decrease or increase. These trends, though, are similar for the same nucleobase in the two bonding configurations. The only exception was found in the case of the nD-T and could be assigned to the fact that T is the smallest nucleobase and could possibly easier rearrange with respect to the nanodiamond and optimize their interaction. In order to better understand these differences, all relaxed complexes corresponding to the ground state are depicted in figures 4, 5 for the hydrogen bonding and the CH/π configurations, respectively.
Inspection of figure 5 reveals, that the nucleobase is not planar with respect to the nD surface. A larger deviation from planarity is observed in the case of the nD-C and nD-T complexes. Both C and T are the smallest nucleobases and belong to the pyrimidines, that is aromatic heterocyclic organic compounds. In this respect, these smallest molecules are more flexible to reorient in order to optimize their interaction with the nD. Another point is that the purines, A and G, have one additional aromatic ring than the pyrimidines, that is more surface area for interacting with the nD and can in this way maintain their planar structure. These arguments are supported by the data in table 1. Specifically, the angles for the purine complexes are indeed closer to 180°than those for the pyrimidine complexes. Note, that in our notation in figure 5 , angle of 180°denotes planarity and the plane of nucleobase is perpendicular to the NV axis (also shown). From this table, it is also clear that the pyrimidine complexes show longer bonding distances, larger angles, and thus higher energies compared to the purine complexes. Here, we refer to the data after relaxation. A view of the molecular arrangement along the NV axis reveals that in most cases, the atoms (C and N) of the aromatic rings of the nucleobases attempt to rearrange in a way to be on top of the terminating hydrogen atoms of the nD. In all cases, this refers mostly to the pyrimidine ring. The smallest deviation is seen for the nD-C complex, while the largest for the nD-G complex. For the former, the nucleobase deviates the most from planarity in order to reorient in the way described above. In the latter case involving the largest nucleobase, a perfect adjustment of the nucleobase on top of the nD is compensated by the almost ideal planarity of the nucleobase. More precisely, it is only the oxygen atom of the nucleobase that comes closer to the nD, 'leaving' the planar conformation due to its much higher electronegativity with respect to the N and C atoms of the nucleobase. In this respect, it is more strongly attracted to the surface H4 atom of the respective panel in figure 5 .
Electronic features
Having unveiled the structural details and energetics of the nD-nucleobase hybrid complexes, we move on to the discussion of their electronic properties. As a start, we are interested in the modification of the available electronic states of the nD through the formation of the complex and the interaction of the nD and the nucleobase. For this, we depict the energy levels around the Fermi energy for all complexes in both bonding arrangements and the spin-up configuration in figure 6 . As a reference, we take the isolated nD and compare also to the results for the isolated nucleobases. A first inspection of this figure reveals clearly, that the energy band gap of the isolated nD has significantly decreased (to 1.93 eV) with respect to that of bulk diamond. The six-fold degeneracy in bulk diamond is also broken in the isolated nD. This is expected due to the termination and finite size of the nD. It is also clear that the band-gaps of the isolated nucleobases are larger than that of nD and lie all in the range 3.4-3.85 eV. Note, that the computational approach used here cannot perfectly reproduce the band gaps, but reveals the experimental trends. These trends are of main interest here.
On the other hand, the electronic band gaps of the hybrid complexes show similar trends independent of the type of interactions between nD and nucleobase. In all these cases, the hydrogen bond and CH/π results almost coincide and the respective band gaps are vanishing, all lying in the range 0.03-0.09 eV. As a first comment on this, the complexes assume a more metallic character compared to the semiconducting and insulating character of the isolated nD and nucleobases, respectively. As a second comment, the significant interaction of nD and nucleobase leads to a shrinking of the band gap of the hybrid, meaning that the molecular orbitals around the Fermi level approach. Nevertheless, the explicit type of interaction is not mapped on the energy levels of the complexes. It is also evident, that the nucleobases having a much larger band gap than nD, do not influence the resulting energy levels of the complex. These are mainly defined by the hydrogen atoms interacting with the nucleobases. In order to further compare the spin-up to the spin-down characteristics, the respective energy levels around the Fermi energy for the nD-A complex are given in figure 7 . The trends for the other complexes are quantitatively similar. In this figure, the very small differences of the hydrogen bonding and CH/π arrangements are more evident for a certain spin configuration. In all cases, the hydrogen bond energies are about 0.1 eV higher than the CH/π ones. Regarding the different spin configurations, an interesting effect is observed: below the HOMO level, the spin-up energy levels lie in average higher than the spin-down levels, but the behavior is reversed starting from the LUMO level. This is also observed for the isolated nD, for which also the LUMO levels of both spin-up and spin-down coincide and further away from the LUMO while the electronic energies of the spin-down configuration lie higher. Only the HOMO levels for the nD complex and both spin configurations are almost the same. Interestingly, the two spin configurations coincide at their LUMO in isolated nD and at the HOMO in the complex. This shift presumably arises again from the shifting of the levels due to the interaction of the monomers.
Next, the influence of the position of the defect center within the nD on the characteristics of the nD-nucleobase complexes is discussed. We have not observed significant changes in the electronic energy levels discussed so far, but report on qualitative changes in the respective wave functions. As representative quantities, we refer to the frontier orbitals, HOMO and LUMO of the complexes. For all complexes, the HOMO is localized around the NV center and the bonds between the center and its surrounding carbon atoms. Specifically, the HOMO is closer to the vacancy for spin-up, while it is equally distributed also on the nitrogen impurity for spindown. This was observed for both NV positions, x 0 and x 1 . For the defect at the position x 1 within the nD-A CH/π complex, the results shown in figure 8 clearly manifest that the HOMO is related to the defect center, while the LUMO is localized on the nucleobase. For the spin-up configuration, a very small part of the HOMO(LUMO) is localized around the nucleobase(NV). These trends are general for all complexes and both binding arrangements.
In order to visualize the differences in the hydrogen bonded and CH/π configurations, we depict for both and the two NV positions the spin-up HOMO levels in figure 9 . The localization of the HOMO on the NV center no matter the binding details and the NV position is clear. For a defect at the x 1 position and close to the surface, part of the HOMO is also localized at the carbon atoms of the surface. These atoms actually lie at the interface between the nD and the nucleobase and are expected to more effectively take part in the interaction with the nucleobase than atoms deeper in the nD. In that respect, for a defect at the surface, its molecular orbitals can also be involved in binding to a neighboring molecule, thus influencing this binding. This can qualitatively be confirmed from the fact that the hydrogen atom of the nucleobase close to the nD with the NV at the surface (position x 1 ) in the CH/π arrangement is tilted towards the nD (see lower right HOMO panel). This cannot be observed when the NV center is at the center (position x 0 ) (see upper right HOMO panel). Figure 5 . The CH/π complexes for all nucleobases. The coloring follows the notation of figure 1. All structures are shown after relaxation of the minimum energy configurations in figure 3(b) . Views perpendicular to (upper panels) and along the NV axis (lower panels) are given. Both the NV axis (red arrow/circle) and the atoms mostly involved in the bonding are denoted. The dotted black lines visualize the strongest bonds. Only the nD atoms closer to the nucleobases are shown for simplicity.
Note, that the LUMO (not shown) again is localized on the nucleobases.
As a last point, we discuss the charge density of the complexes, taking as a representative example the nD-A hybrid in figure 9 . At a first glance, it is clear that the charge densities of the nD and the nucleobase do not overlap, confirming that indeed there is no covalent bond formed between these two. From the charge densities the position of the most electronegative nitrogen atom in the nD can be identified, as well as the hole produced by the vacancy. As expected, more charge is accumulated on the carbon atoms compared to the hydrogen atoms, both in the nD and the nucleobase. Interestingly, in the hydrogen bond arrangement for both NV positions, the charge is accumulated on the carbon atoms close to the surface and the interface to the nucleobase, as discussed above. The respective distributions of the surface charge density on the nD are more directed towards the nucleobase to confirm the involvement of the respective atoms in interacting with the atoms of the nucleobase. As expected, this is more evident for the NV at position x 1 , where the more electronegative nitrogen brings more charge towards the surface. These observations do not hold for the CH/π arrangement, where the charge density is equally distributed also on the atomic layer below the surface atoms.
Conclusions
In this work, using DFT simulations, we have investigated in detail the interaction of small biomolecules, the DNA nucleobases with defective nanodiamonds including the negatively charged NV center. Let us note, that our aim is not to resolve the exact electronic structure of a nanodiamondnucleobase complex nor its dynamic evolution or thermal stability. We use the hydrogenated nanodiamond as a simple toy model (more simple than any other termination) to unravel general characteristics of its binding with the nucleobase. At this level, the photostability of the defect is of no relevance. We use the defect as a means to introduce defect levels that shift the frontier orbitals of the nanodiamond and could be relevant to the binding with a molecule. Here, we provide a first proof of principles, a strategy to design hybrid complexes. We have analyzed their combined features with respect to their structural, binding, and electronic properties. Specifically, we have probed the interaction of a nanodiamond with a nucleobase, by assuming two different arrangements of one to the other. In this way, these two monomers could bind through hydrogen bonding or CH/π interactions, but no covalent bond was formed. We have observed a well defined interaction between the two monomers, following the form of a two-body classical potential. The CH/π bonded complexes follow very similar trends in their interaction and stabilize at similar distances. This is not the case for the hydrogen bonded complexes, in which the exact chemical specificity of the nucleobase plays a larger role, stabilizing the two monomers at different distances and with different interaction strengths. Regarding the orientation of the nucleobases with respect to the nD and the NV axis, we have observed a tilting and a deviation from planarity especially for the smaller pyrimidines, T and C. The electronic properties of the hybrid complex are defined mainly by the nD. A shrinking of the electronic band gap was observed pronouncing the metallic character of the complexes. The specific interactions of nD and nucleobase result in the respective molecular orbitals to come closer around the Fermi level. Inspection of the frontier orbitals in the complexes revealed in all cases a localization of the HOMO level on the nD and the LUMO level on the nucleobase. Finally, positioning the defect center closer to the interface to the nucleobase moves the charge closer to the carbon atoms exactly below the nD surface.
Taking this last observation as a starting point, this leads to the conclusion that the exact charge distribution in these complexes can be tuned by a tailored positioning of the charged defect. Our goal here was not to provide an extensive study of hybrids made of diamonds and DNA, rather to provide a first step on understanding some of their binding aspects. In this respect, we have focused on revealing their basic vacuo properties. This will allow us, in follow-up investigations to include the influence of important factors, such as the solvent, DNA sequences, etc. and set pathways to tune the hybrids' properties. For example, it can be further investigated in which way such a tuning can be achieved through the amount of inherent (in the defect) or injected charge. Our work serves as a first step towards the hybrid biomaterials formed by a material and a biomolecular part. Starting from a simple case, we could unravel the basic characteristics in such complexes, showing their potential in tuning their properties. Accordingly, tailored biomaterials with certain functionalities can be proposed and synthesized by tuning different parameters, such as the material type, its size, its surface atoms, the type of the biomolecular part, its active sites, its orientation to the material part, etc. Of high importance are also the presence of defect, its type and charge, the type and length of the biomolecule, as these can offer additional pathways for adding functionalities. As a continuation of our study, all these factors can be studied and adjusted depending on the desired properties. An important aspect, not investigated here is the influence of solvent and ions, as the biomolecules typically reside in a solution. As a first test, we have evaluated the influence of a single water molecule close to the interface within the complex. The unoccupied electronic levels above the Fermi level are mostly affected, while the water molecule rearranges, so that it naturally promotes an interaction between the electronegative oxygen atom and the hydrogen atom of the nucleobase at distances optimal for hydrogen bonding. In a follow-up study, having understood the in vacuo native properties of the complex as presented here, we can further move on to the solvent effects setting pathways to tune the properties of Figure 9 . The HOMO levels and charge densities for HOMO for the spin-up configuration of nD-A complexes in both bonding arrangements with the NV center at the different positions x 0 and x 1 , as denoted by the legends. The charge densities are shown as contour planes along the NV axis.
the hybrids by selectively choosing the solvent characteristics. The explicit assessment of the charge effect should also be further evaluated, as biomolecules are typically charged and could also be partly screened in a solution. In this way their interaction with the material part might be hindered and the functionalities of the complex will not be expressed. Based on the very simple model discussed here, we provide ideas on the design of molecular hybrids, while further more detailed and accurate studies are planned. These will include additional functionalizations (N−, O− or their combinations), more complex DNA molecules, additional dynamics (beyond the two arrangements discussed here), other defect centers, the presence of a solvent, the influence of the defect position, etc. Finally, this interplay of the material and the biomolecular part in hybrids expected to be strongly controlled by the charge transfer or reorientation, shifting the energy levels within the hybrid is of high biotechnological importance in the direction of sensing species and molecular processes.
